• Background and Aims Sapwood traits like vessel diameter and intervessel pit characteristics play key roles in maintaining hydraulic integrity of trees. Surprisingly little is known about how sapwood traits covary with tree height and how such trait-based variation could affect the efficiency of water transport in tall trees. This study presents a detailed analysis of structural and functional traits along the vertical axes of tall Eucalyptus grandis trees.
INTRODUCTION
Long-distance water transport in angiosperm trees is organized through a 3-dimensional network of hollow vessels. Regardless of construction details of these networks, natural selection is likely to act as filter for network traits that together achieve balance between safety and efficiency of water transport (e.g. Tyree and Zimmermann, 2002; Sperry et al., 2008; Meinzer et al., 2010; Gleason et al., 2016) . Studies of angiosperm sapwood have found that the trade-off between safety and efficiency is often weak, but reason for this weakness remains elusive. Hence, determining how safety and efficiency are balanced -often referred to as hydraulic integrity -could provide new insight into the way in which trees have adapted to environmental variation (e.g. Hacke et al., 2009; Pratt et al., 2010; Lens et al., 2016a; Pfautsch et al., 2016) . Indeed, angiosperms have been found to follow different strategies to achieve hydraulic integrity based on variation in cell anatomy (e.g. Baas et al., 1983; Wheeler et al., 2005; Loepfe et al., 2007; Lens et al., 2011 Lens et al., , 2013 Pratt et al., 2012; Gleason et al., 2016) and according to variation in water availability (e.g. Plavcová and Hacke, 2012; Pfautsch et al., 2015; Bourne et al., 2017) .
The vast majority of plant hydraulic research provides knowledge about functioning of cells, tissues or organs, separately. Much less work has been done at whole-tree scale, and information regarding covariation of hydraulic traits with increasing tree height remains limited. This restricts our understanding of how trees maintain hydraulic integrity at the organismal scale (Pfautsch, 2016) . It is well established that xylem water potential declines with increasing tree height, while sap velocity increases (e.g. McCulloh and Sperry, 2005; Pfautsch et al., 2011) . Morphological studies document that with increasing tree height, mature leaves can become smaller and thicker and contain fewer stomata whilst their leaf mass:area ratio increases (Koch et al., 2004; England and Attiwill, 2006; Woodruff et al., 2008a, b) . In addition, with increasing tree height, capacitance and ability for cuticular water uptake can increase (Ishii et al., 2014) , while relative leaf water content is maintained at the turgor loss point (Azuma et al., 2016) . These observations are useful for understanding the various strategies available to realize hydraulic integrity with increasing height, but they only provide indirect evidence regarding achievement of the safetyefficiency balance, or its failure.
Direct evidence for safety-efficiency trade-offs can be drawn from studies of xylem traits. Wider conduit diameters can accommodate greater rates of water transport McCulloh et al., 2010) . Although wide conduits are efficient in transporting water, they are more likely to embolize as a result of freeze-thaw cycles; however, the relationship between conduit diameter and vulnerability to drought-induced air-seeding remains controversial (Gleason et al., 2016) . Furthermore, although narrow conduits are less efficient in water transport, meta-analyses by Gleason et al. (2016) and Hacke et al. (2016) show that species with low conductivity (or narrow vessels) display a broader range of P 50 (i.e. water potential at which 50 % of the conductivity of xylem is lost as result of hydraulic collapse) than species with high conductivity and wider vessels. This suggests that other factors must contribute to safety in angiosperms, especially features of intervessel pits that guard lateral transfer of water between adjacent vessels (e.g. Lens et al., 2013; Li et al., 2016) . Intervessel pit membranes can differ in size (Jansen et al., 2009) , thickness and porosity (Jansen et al., 2009; Lens et al., 2011) , and abundance per vessel (Wheeler et al., 2005; Hacke et al., 2006) , all of which affect hydraulic safety.
In addition to qualitative and quantitative aspects of intervessel pits, safety of water transport in angiosperms seems well correlated with higher wood densities and vessel wall reinforcement (Hacke et al., 2001; Fichot et al., 2010) , and with more lignified stems (Lens et al., 2013 (Lens et al., , 2016b , highlighting a mechanical-functional covariation. Vessel wall reinforcement can be estimated using the ratio between lignified wall thickness of two adjacent vessels (T w , i.e. double wall thickness; see Table 1 for a complete list of abbreviations used throughout the text) and vessel diameter (D v ), expressed as (T w D v −1 ), and is termed 'thickness:span ratio' (Hacke et al., 2001) . Hence, although with caution, T w D v −l could be used as a proxy for hydraulic safety (Badel et al., 2015 ; but see also Jacobsen et al., 2005) . Given that stem water potential (Ψ stem ) must decline with height to provide the necessary force to enable water transport from roots to leaves, it could be expected that T w D v −1 increases with height to provide additional safety against the risk of hydraulic failure under increasingly negative water potentials. Along this line of thought, evidence shows that thicker vessel walls provide greater hydraulic safety (e.g. Dettmann et al., 2013; Guet et al., 2015) , decrease void space of vessels, and thereby reducing the potential area in which intercellular air could act as an air-seeding source. However, we lack evidence for angiosperms regarding the influence of height on thickness:span ratios, sapwood density and pit-related traits that are all likely to impact vertical transport of water in tree stems.
Several studies have investigated changes in conduit diameter with tree height and confirm a universal trend of vessel widening from the apex downwards in gymnosperm and angiosperm trees (e.g. Zimmermann, 1978; Spicer and Gartner, 2001; Fan et al., 2009; Lintunen and Kalliokoski, 2010; Petit et al., 2010; Olson and Rosell, 2013; Lazzarin et al., 2016) . Empirical studies have shown that conduit taper (i.e. the degree of basipetal widening of vessel diameters) may or may not continue along the entire axis of a tree (summarized in Hacke et al., 2016 ), yet its importance as a key trait to facilitate acropetal water transport has been widely accepted. The rate of conduit taper, commonly expressed as tapering exponent b, should theoretically compensate for the combined effects of gravity and frictional resistance on water transport from roots to leaves.
The idea that vascular architecture has evolved in a way that fully compensates for the effect of increasing tree height on hydraulic resistance is a central assumption of metabolic scaling theory (MST; West et al., 1999) . According to MST, a vascular design that achieves full compensation should have a tapering exponent b of >0.25 West et al., 1999) . Based on the Hagen-Poiseuille formula, hydraulic resistance of a conduit (or an idealized, cylindrical capillary) scales positively and linearly with its length; however, it scales negatively to its diameter raised by the fourth power. Thus, increasing conduit size has a profound effect on reducing hydraulic resistance. Empirical work on the tallest angiosperm tree species, Eucalyptus regnans, has shown that indeed vessel taper fully offsets the effect of tree height on hydraulic resistance, constructing a highly efficient hydraulic architecture (Petit et al., 2010) , thus endorsing hydraulic integrity. In addition to changes in vessel diameters that promote continued water transport from roots to leaves, structural characteristics of pit membranes (porosity, diameter, thickness, etc.) have been studied intensively to better understand their role in tree water transport (see reviews by Choat et al., 2008; Hacke et al., 2016; Pfautsch, 2016; Venturas et al., 2017) . A few studies have unveiled height-related changes in the relationship between conduit diameter and pit traits in gymnosperms (Domec et al., 2008; Schulte, 2012; Lazzarin et al., 2016) , but comparable information for angiosperms is missing. Despite the effect of conduit taper, tall trees generally display hydraulic hierarchy (Zimmermann, 1978; Ewers and Zimmermann, 1984) , where leaf-specific conductivity in the apical shoot is much larger compared to lateral branches that might share the same total path length. Whether and how anatomical traits influence this apical dominance remains unknown.
Here, we determine how covariation of traits related to hydraulic architecture impact efficiency of water transport along vertical profiles of 20-m tall Eucalyptus grandis trees. For this purpose, we recorded tree water use, Ψ stem and leaf area distribution and measured a wide range of sapwood traits. We expected strong covariation of water use, leaf area and sapwood traits at the whole-tree level. Specifically, we hypothesized that (1) an inverse relationship between vessel diameter and frequency helps compensate for path-length-related hydraulic resistance with tree height; (2) water transport capacity of sapwood per unit leaf area increases with tree height, regardless of changes in diameter and frequency of vessels (ignoring vessel furcation); and (3) the thickness:span ratio increases with height to compensate for increasingly negative Ψ stem .
In addition, as result of increased stretching of the primary cell wall during cell expansion, it was speculated that wider vessels contain thinner and wider intervessel pit membranes compared with narrower vessels (Hacke et al., 2016) . The hydraulic resistance exerted by pits can easily represent 50 % of the total xylem hydraulic resistance in angiosperms (e.g. Choat et al., 2008) . Consequently, observed widening of conduits and parallel increases in pit aperture, torus and margo from apex to base of conifer trees (e.g. Lazzarin et al., 2016) could indicate that the outcome of ontogenetic development contributes through selection to maintain hydraulic integrity. Theoretical approaches to explaining whole-tree xylem architecture provide a different explanation, where architecture of pit membranes reflects finetuned adjustments to local xylem water potential conditions (Hölttä et al., 2011) . Based on these conjectures, we would expect that (4) vessel widening leads to decreasing thickness and increasing cross-sectional area of intervessel pit membranes.
MATERIALS AND METHODS

Field site and climate
The study site was located at the Hawkesbury Forest Experiment, 60 km north-west of Sydney, Australia (−33.606° latitude, 150.737° longitude). The site was established on an alluvial floodplain dominated by loamy sand soils (Isbell, 1996) . As part of a multi-species common garden planting, 12 groups of 20 Eucalyptus grandis (3 m × 4 m spacing) were planted in a randomized block design in 1999. The climate at the site is sub-humid temperate with a mean annual temperature of 17 °C and ~800 mm mean annual precipitation (Bureau of Meteorology, Australian Government). More detailed descriptions of the common garden and physiology of selected tree species, including E. grandis, can be found in Lewis et al. (2011) and Phillips et al. (2010) . The present study made use of three E. grandis trees that varied slightly in height (tree 1, 22.1 m; tree 2, 18.2 m; tree 3, 19.9 m) and diameter at breast height (DBH; tree 1, 32.2 cm; tree 2, 26.1 cm; tree 3, 27.5 cm). Trees were chosen as replicates, originating from the same seed source and grown in the same block. Crown insertion points were at 10.37 m (tree 1), 8.15 m (tree 2) and 6.32 m (tree 3).
Sap flow
In December 2012, a total of 72 sap flow probes (HRM 30, ICT International, Armidale, Australia) were installed in the stem and branches of the three trees using a self-propelled hydraulic knuckle boom lift. A schematic overview of the design is provided in Pfautsch et al. (2013) .
The HRM is a heat pulse method that utilizes the change over time in relative temperature difference between two points of measurement to estimate heat velocity. Provided that wood thermal properties, depth and area of sapwood are known, heat velocity (v h ) can be transformed to sap velocity (J s , cm h −1 ) and volumetric water use (Q, cm 3 h −1 ) of trees. The most intensively investigated tree, tree 1, had 52 HRM probes installed. Of these probes, 34 were installed at 14 positions along the vertical axis of the stem, while the remaining 18 HRM probes were installed in lateral branches (data for branches are not subject of research presented here). Trees 2 and 3 each had ten HRM probes installed at four positions along the stem only. At each measurement height along lower and upper stems we placed three (lower stem) or two (upper stem) sensors around stems (N, SE, SW) to account for possible circumferential variation in water transport. In addition, we accounted for radial variation in water transport by recording data at two different depths (0.5 and 2.0 cm beyond the cambium) simultaneously at each measurement position.
Configuration of probes and their installation, as well as conversion of heat velocity to sap flow velocity data and subsequent transformation to Q, were identical to procedures explained in Burgess et al. (2001) and Pfautsch et al. (2010 Pfautsch et al. ( , 2013 . At each measurement position, we shaved bark width to 0.5 cm using a wood chisel and bark gauge. Three parallel insertion holes for probes (5 mm distance, 1.26 mm diameter) were drilled using a machined drill guide and battery-powered drill. Care was taken that holes were aligned vertically with the axis of the stem. Using high-vacuum grease as lubricant eased insertion of the central heater and up-and downstream temperature probes. To ensure delivery of constant levels of voltage to each of the sensors, we installed auxiliary car batteries along the vertical profile of stems and batteries were constantly trickle-charged using either solar power or mains electricity. In total, we captured data at 144 positions within stems of the three trees. We measured diameter, bark width and sapwood depth at each measurement position and height individually. These data were used to calculate mean bark width and mean depth and area of sapwood for each height and tree. We recorded v h at 15-min intervals using three Smart Loggers (ICT International, Australia). Heat pulse velocity was later transformed to J s and Q using the Sap Flow Tool software (v1.1, Phyto-IT, Belgium). Parameters necessary for transformation were assessed either in the field (e.g. stem diameter, sapwood depth, etc.) or laboratory. The latter measurements included determination of sapwood moisture content (fresh weight − dry weight, 72 h at 105 °C) and sapwood density (immersion technique). Following data transformation, we averaged J s and Q according to measurement height.
For the current work, we averaged J s and Q recorded along the vertical stem axis for a 4-week interval from 25 December 2012 to 21 January 2013.We note that for conversion of J s to Q we used the function 'linear decrease' in Sap Flow Tool. This function estimates J s beyond the last point of measurement based on the assumption that J s declines linearly, reaching zero at the sapwood-heartwood boundary. We also calculated normalized Q based on leaf area that was located above the point of sap flow measurement (Q AL ) to assess diel changes in capacity of sapwood to conduct water along the height profile of the stem.
Stem water potential
Stem water potential (Ψ stem , MPa) was measured at four heights along the vertical axis of tree 1 (0.80, 8.50, 15.05 and 19 .20 m) using psychrometers (PSY1, ICT International).
A circular router drill was used to carefully remove bark and cambium. Instruments were placed directly on exposed outer sapwood, and silicone grease was used to provide a thermal seal of the psychrometer chamber to the surrounding environment. Straps were used to prevent movement and additional insulation ensured thermal stability of instruments. Stem psychrometers were programmed to log data every 15 min. Due to rain and associated stem flow, high sapwood water content and resin production of E. grandis as a response to bark wounding, psychrometers yielded high-quality data only for short periods following intensive maintenance. Furthermore, differences in water potential readings among measurement positions were often at or below detection limit, leading to the impression of reverse pressure gradients (i.e. a more negative reading at a lower measurement position compared with a higher measurement point). As a result, here we use Ψ stem data for only three consecutive, sunny summer days (24-26 January 2013). We refrained from using these data to calculate values of sapwood-or leaf area-specific conductance or conductivity due to marginal pressure differences observed for substantial time intervals.
Leaf area
In May 2013, total leaf area (A L ) of all 33 branches and the terminal shoot of tree 1 was determined by cutting branches off the stem using a hydraulic platform. On the ground, leaves of each branch were manually stripped and weighed to record total fresh mass. A subset of 100 randomly selected fresh leaves from each branch was reweighed and A L was measured (LI-3100C, Li-Cor Inc., Lincoln, USA). Total A L of each branch was estimated by extrapolating the relationship of fresh mass and A L of the subsample to total leaf fresh mass of each branch.
Sapwood collection
All three stems were felled once leaf collection for tree 1 had finished. Locations for measurements of stem dimensions and sapwood collections were marked from apex towards the base of stems, avoiding branch junctions or other stem imperfections that could affect sapwood structure. This resulted in 19 extraction points for tree 1 and eight for trees 2 and 3. Sapwood sampling locations matched 14 sap flow positions in tree 1 and four positions in trees 2 and 3. At each location, where stem diameter was >2 cm, full wood disks (2-2.5 cm thickness) were extracted using a chainsaw. Where stem diameter was <2 cm, 3-cm long sections were removed using loppers. Stem diameter and bark thickness (T B ) of each sample were recorded. Sapwood thickness (T SW ) of larger disks was measured in four cardinal directions, and in smaller disks in two cardinal directions (N and S), before calculating average T SW . Application of methyl orange solution (0.5 % in H 2 O) to wood surfaces aided identification of the sapwood-heartwood boundary. Using disc diameter, T B and T SW allowed calculation of sapwood area (A SW ) for each position sampled. Two separate sapwood samples were extracted from each bulk sample and stored in plastic bags. One sample was used to determine fresh weight (FW SW ) and volume (V SW ) using Archimedes' immersion technique, before drying at 105 °C for 72 h and reweighing for dry weight (DW SW ). From these measurements moisture content (θ SW ) and density (ρ SW ) of sapwood was calculated as:
The second sample was stored at −20 °C and used for anatomical measurements of sapwood (see below).
Vessel analyses
Cubes (15 mm × 10 mm × 5-7 mm, height × width × depth) were trimmed from the outer 1.5 cm of sapwood from each sampling location (n = 19 + 8 + 8). Eucalyptus grandis is evergreen, growing all year round, without visually distinguishable early wood, late wood or annual rings. For this reason we used distance from cambium as benchmark for all sapwood collections. This allowed us to focus our anatomical analyses on sapwood that was constructed in the past 1-2 years. Preparation of thin wood sections (25-35 µm) from the transverse face of cubes and their microscopic analyses followed procedures described in Pfautsch et al. (2016) . A transmission light microscope (DM 2500M, Leica Microsystems, Wetzlar, Germany) equipped with a high-resolution digital camera (DFC 500, Leica Microsystems) was used to take digital images of each wood section at three randomly located fields of view; ImageJ (National Institutes of Health, Bethesda, USA) was used to measure inner lumen area of each vessel in the digital images. These analyses generated data for 5603 vessels. From these data, the minimum (D v-min ), mean (D v ) and maximum (D v-max ) vessel diameter, as well as hydraulically weighted vessel diameter (D H , which weights diameters of vessels according to their hydraulic conductance), were calculated for each extraction height. We calculated D H according to Tyree and Zimmermann (2002) ) was estimated as quotient of the sum of vessels per image and image area (V), scaled per unit sapwood area (A x ). Similarly, the void:wood ratio was estimated as quotient of summed vessel void space (lumen) and image size. Finally, theoretical hydraulic conductance (K th ) was estimated for each sample position using the following formula (Fichot et al., 2010) :
where η represents viscosity of water at 20 °C (1.002 × 10 −9 , MPa s).
Vessel ultrastructure
Given the similarity of sapwood and vessel characteristics among the three trees (e.g.
, K th , A v , b and ρ SW ; see Stem characteristics and vessel taper section below) and technical challenges of quantifying some vessel traits, measurements of vessel ultrastructure traits were focused on tree 1, the largest and most intensively sampled tree. We used transmission electron microscopy (TEM) to measure thickness of intervessel pit membranes (T m ) and double wall thickness (T w ) between two adjacent vessels, and scanning electron microscopy (SEM) to measure diameter (D m , i.e. horizontal plane in tangential section) and area of pit membranes (A m ) from multiple vessels from each sample. Seven wood specimens were selected, representing sample locations at 0. 60, 4.00, 8.50, 10.90, 13.20, 17.50 and 19.35 m above the tree base.
For TEM, sapwood samples were cut into 1-2 mm 3 blocks and submerged in Karnovsky fixative containing formaldehyde and glutaraldehyde (Karnovsky, 1965) . Subsequently, sample preparation followed the standard protocol for TEM (Jansen et al., 2009; Lens et al., 2011) : an initial rinse with 0.1 m cacodylate buffer, postfixation with 1 % buffered osmium tetroxide for 2 h at room temperature, a second rinse with buffer solution, gradual dehydration with ethanol with 1 % uranyl acetate, and embedding using Epon 812n (Electron Microscopy Sciences, Hatfield, UK) at 60 °C. After embedding, 2-µm thick cross-sections were cut from the resin blocks with a glass knife to observe areas including adjacent vessels. The cross-sectional areas from the resin blocks were then trimmed to maintain only vessel-vessel contact areas, and 90-nm thick cross-sections were made with a diamond knife. The sections were dried on 300-mesh copper grids with Formvar coating (Agar Scientific, Stansted, UK). Several grids were prepared for each resin sample and manually counterstained with uranyl acetate and lead citrate. Observations were made using a JEM 1400-Plus TEM (JEOL, Tokyo, Japan) equipped with an 11-megapixel camera (Quemesa, Olympus, Tokyo, Japan). At least 25 observations were made per sample location, resulting in T m values for 182 pit membranes and 122 measurements of T w .
An SEM (JEOL JSM-7600F, Tokyo, Japan) at a voltage of 5 kV was used to image A m and D m of individual intervessel pits. For these observations, we split dry wood specimens along their tangential plane. Wood slivers were fixed to aluminium stubs with an electron-conductive carbon sticker and coated with palladium using a sputter coater (Quorum Q150TS Quorum Technologies, Laughton, UK) for 2 min. At least 50 pits per sample from several vessels were measured. In total, we measured A m of 304 and D m of 299 pits. All measurements made using the TEM and SEM followed established protocols (Scholz et al., 2013) .
Statistical analyses
Traits of stems and leaves (
, void:wood ratio) and vessel ultrastructures (A m , D m , T m , T w ) were aggregated according to sample location along the stem (i.e. height profile). Regression analyses and one-way analyses of variance (ANOVA) were used to assess relationships among traits. JMP (V11, SAS Institute Inc., Cary, USA) and Aabel™ (V2.0, Gigawiz Ltd. Co., Tulsa, USA) were used for statistical analyses and graphing. Significance for all analyses was accepted at P ≤ 0.05.
RESULTS
Sap flow (Q) and leaf area (A L )
Common patterns of sapwood area (A SW ), sap flow velocity (J s ) and volumetric water use (Q) were evident along vertical axes of all three trees. Daily water use was positively related to tree size. During the 30-d measurement period, trees 1, 2 and 3 used, on average, 57, 38 and 43 L water per day. With increasing height, J s increased while at the same time A SW and Q declined (Fig. 1) . Moreover, water use of all trees followed a clear and common diel pattern, with peak Q during midday and low Q from dusk until dawn (Supplementary Data Fig. S1 ). This pattern was detected at all measurement positions. The progressive decline in Q with height was most likely a result of lateral water flow into side branches.
Total leaf area (A L ) of the intensively investigated tree, tree 1, was 178 m 2 . Above each point of sap flow measurement A L declined linearly to 5 m 2 above the most terminal point of sap flow measurement in the apical shoot ( Fig. 2A) . As a result of varying rates of decline in sapwood area (A SW ) and A L , the A SW :A L ratio followed a curvilinear trajectory (Fig. 2b) . This ratio was 1.8 at the stem base, declining to 0.9 at 11 m height (crown insertion) before increasing constantly throughout the crown to reach 1.6 at the apical shoot. In the lower stem, volumetric water use normalized for leaf area (Q AL ) remained stable around 0.015 L h −1 m −2 as a result of constant A L . However, once past the point of crown insertion, Q AL increased significantly and linearly, reaching 0.024 at the top of tree 1 (Fig.  2C) .
Stem water potential (Ψ stem )
Measurements of Ψ stem at all four positions were close to zero before sunrise, indicating full hydration of the tree. In concert with increasing Q, Ψ stem declined with progression from morning to midday, after which it became successively less negative. This trend was observed at all four measurement positions (Fig. 3) . Differences in Ψ stem among each of the four measurement heights were beyond measurement accuracy of instruments at any given time, not allowing us to calculate pressure gradients from these data. The pressure differential between Ψ base and Ψ apex reached −0.5 MPa only during a short interval around midday and reached −1.14 MPa at the base and −1.58 MPa in the apical shoot (Fig. 3) .
Stem characteristics and vessel taper
The three trees studied showed similar height-related trends in sapwood and vessel characteristics (Supplementary Data  Fig. S2 , Table S1 ). Pronounced and predominately curvilinear relationships were detected for hydraulically weighted vessel diameter (D H ), vessel frequency (V A x −1 ), theoretical sapwood conductance (K th ) and summed area of vessels (A V ) (Fig. 4A-D) . In contrast, void:wood ratio and sapwood density (ρ SW ) did not follow such trends (Fig. 4E, F) . Although sapwood moisture content (θ SW ) declined slightly with increasing height, this variation was not significant. On average θ SW was 0.48 ± 0.06 g g −1 . Maximum vessel diameters ranged from 220 to 250 µm (Fig. 5, Supplementary Data Table S1 ), located 4-8 m above the stem base of all three trees. In all trees D H followed a similar trajectory of basipetal vessel widening, with a mean tapering index b of 0.33 and an average coefficient of determination (R 2 ) of 0.96 (Fig. 4A) . Only after >12 m stem height did vessels narrow to dimensions similar to those measured at the tree base. Vessel frequency increased exponentially from the base to apices by an order of magnitude, or from <1000 to >10 000 vessels cm −m (Fig. 4B) . At the same time, and as result of vessel taper, both K th and A v declined strongly with height (Fig. 4C, D) . The 'bulging' effect of D H in lower stems, together with increasing V A x −1 , was the source of a non-linear decline in K th from the bases to apices of stems. However, pronounced increase in V A x −1 caused void:wood ratios to vary only slightly around 13-16 % and ρ SW to be, on average, 0.47 g cm −3 (Fig. 4E, F) . Maximum and minimum D v values measured were 257 (tree 3, 12 m above ground) and 15 µm (tree 1, apex), respectively.
Frequency distributions of D v indicated that vascular networks in all trees were composed of a wide range of diameters for most of the stem length (Fig. 5) and changed from negatively skewed (γ = −1) to normal distributions (γ = 0) with increasing height. The range in vessel diameter at a given height decreased from >200 µm in lower stems to <40 µm in apices. In lower stems, where the increase in D v followed a linear trajectory, slopes and intercepts of maximum D v-max were many-fold those of D v-min , indicating that acropetal taper was driven by narrowing wide vessels, but largely unaffected by narrow vessels (Fig. 5) . Variance of D v declined >10-fold from base to apices of trees.
Vessel ultrastructure
Similar to vessel traits, ultrastructure of vessels in the one tree for which it was studied showed tight and clearly directional changes along curvilinear trajectories (Fig. 6 ). Both double wall thickness (T w ) and area of pit membranes (A m ) covaried considerably; however, T w and A m did not vary predictably with tree height (Fig. 6A, B) , but did so with other ultrastructure traits ( Fig. 6D-I ). Double wall thickness was 6.58 ± 0.98 µm at the base and progressively increased to 9.94 ± 0.82 µm at 4 m, before gradually becoming thinner, reaching 3.86 ± 0.91 µm in the apical region (Fig. 6A) . Simultaneously, pit membrane thickness (T m ) increased by nearly 50 % from the base (424 ± 55 nm) until 4 m (621 ± 49 nm) before becoming thinner again. From ~13 m height onwards, T m did not change, remaining at 375 nm until the tree apex (Fig. 6C) . Both D H and T m were positively and significantly correlated with T w (Fig. 6D, F) .
As a result of simultaneous changes in vessel diameters and thickness of intervessel walls, the thickness:span ratio, T w D v −1 , remained relatively constant along the stem at 0.047 (base), 0.056 (4 m) and 0.050 (apical region). While the widest vessels contained the thickest intervessel pit membranes and cell walls, the largest A m values were detected 12-14 m above the stem base (Fig. 6E) . However, parallel increases in vessel and ultrastructure traits were not unlimited, as indicated by saturating relationships of T w with D H , T m with D H , and T m with K th (Fig.  6D, G, I ). In addition, no relationship was found between the A SW :A LR ratio and K th (Supplementary Data Fig. S3 ). Regardless of position along the stem, pit membranes had an oval shape and both short and long diameters of the membranes varied only marginally (data on D m not shown).
The change in diameter and abundance of vessels is clearly visible in images of cross-sections of sapwood (Fig. 7A-D) , but no changes in shape or area of intervessel pit membranes are evident (Fig. 7E-H) . The SEM images show that vestures cover pit apertures. The high density of pit membranes results in a pronounced dark signal in TEM images (Fig. 7I-L) . In synchrony with vessel diameters, cell walls are shown to be thick in the base section of the stem and become thinner towards the apex (Fig. 7I-L) . Vestures are clearly visible on both sides of membranes inside the pit chambers (Fig. 7I-L) .
DISCUSSION
Functional changes along the vertical axis of E. grandis
Tapering exponents for E. grandis ranged between 0.32 and 0.34, well above the value at which MST predicts full compensation of path-length effects on total hydraulic resistance (b = 0.25; West et al., 1999) . Hence, vessel data confirm our first hypothesis that increasing hydraulic resistance, resulting from path-length effects, does not restrict vertical transport of water in trees we studied. The overall pattern of vessel widening from the apical region downwards along the stem is in agreement with empirical observations and model predictions for a range of tall angiosperm trees (consolidated in Mencuccini et al., 2007) . However, vessel diameter in lower stems does not increase as predicted by MST and associated power analyses.
Values of D v and D H either stabilize or decline from 10 m below the apex towards the stem base.
Vessel narrowing in the lower bole compared with the midsection has also been found in another species of eucalypt (Petit et al., 2010) and a number of tall angiosperm trees from dry tropical forests (James et al., 2003) . This growing body of evidence indicates that continuous vessel taper in angiosperms may not be as universal as predicted by MST. While there is strong support for the view that conduits do not taper continuously in tall gymnosperms (e.g. Mencuccini et al., 2007; Schulte, 2012) , we lack appropriate data sets to reach similar conclusions for tall angiosperms. Reasons for basal conduit narrowing remain elusive and require further investigation, though xylem construction costs (e.g. Mencuccini et al., 2007) and mitigation of mechanical stress (e.g. Gartner, 1995) have been suggested.
A high tapering exponent and a small pressure gradient in Ψ stem from base to top during most of the day indicates overall highly efficient Q. We are aware that Q is affected not only by D v and pit characteristics, but also by vessel length and total pit area of intervessel connections (Tyree and Zimmermann, 2002) . Unfortunately, the latter two traits were not included in our analyses. Quantifying effects of vessel length on accumulated hydraulic resistance of intervessel pit areas (i.e. longer vessels = less intervessel passages = lower accumulated hydraulic resistance) is a worthy subject for future studies. Such studies could help resolve the discussion of whether D v is positively related to vessel length (e.g. Cai and Tyree, 2014) or not (e.g. Jacobsen et al., 2012) . The volume of water use per unit leaf area (Q AL ) increased towards the top canopy, supporting our second hypothesis. This raises questions. How do parallel declines in area of sapwood (A SW ) and theoretical hydraulic conductivity (K th ) make greater Q AL possible? Is this a matter of 'efficiency' of water transport? It could be argued that sunlit leaves in the top canopy simply use more water than shaded leaves further below. However, the volume of water required at the top of the stem is transported through sapwood that contains the narrowest and putatively most inefficient vessels. We suggest that strong apical dominance of water transport and hydraulic hierarchy (Ewers and Zimmermann, 1984; Wilson, 2000) can help explain this seemingly contradictory pattern.
In support of our suggestion, the increase in A SW :A L ratio towards the apex indicates that, with increasing tree height, proportionally more sapwood is available per unit leaf area. In addition, at least during midday Ψ apex was notably more negative than Ψ base , which indicates that water transport in the upper section of the stem was subjected to greater tension. Increased tension, together with increases in J s and A SW :A L ratios, may represent the necessary ingredients to facilitate the observed increase in volumetric water use per unit leaf area towards the tree apex. Lastly, we note that covariation in D H , V A x − and T m could be an additional reason for opposite trends predicted by K th and Q AL . Ignoring the limiting effect of thickening T m on conductivity -as is the case when calculating K th -will result in incorrect predictions of actual xylem conductivity and related capacity of water transport in tree stems.
Covariation of traits and effects on hydraulic integrity
Contrary to our third hypothesis, T w increased in parallel with widening of D v (also D H ). The positive correlation of D H and T w caused thickness:span ratios, T w D v −1 , to vary little along the stem axis. The positive effect of T w on hydraulic safety has been established using branches (Fichot et al., 2010; Li et al., 2016 ) from a range of angiosperm species. A positive correlation between D H and T w as found here for E. grandis implies that, once D H increases, the effect on hydraulic safety is marginal but hydraulic efficiency increases. The soundness of this implication requires additional empirical testing, which was not part of this study. However, supporting our argument is a constant ratio of T w D v −1 to height. The strong relation of this ratio with hydraulic safety has been documented in numerous studies (e.g. Lens et al. 2011 and references therein) .
Changes in pit characteristics with tree height
Our fourth hypothesis, stating that wider vessels have thinner intervessel pit membranes, must be rejected. We found that the thickest intervessel pit membranes guarded the widest vessels. Previous studies have established that increasing T m decreases xylem conductivity (Wheeler et al., 2005; Hacke et al., 2006; Choat et al., 2008) . Hence, reducing T m with height could possibly lead to increasing conductivity even though D v is narrowing. This effect would be accelerated by a co-occurring linear decline in D v and exponential increase in vessel frequency (V A x −1 ). Safeguarding integrity of water transport in wider conduits by constructing thicker intervessel pit membranes could help explain why the safety-efficiency trade-off between conduit diameter and hydraulic vulnerability is generally weak in angiosperms (Gleason et al., 2016) . However, the decline in T m did not follow a pattern similar to vessel taper (Fig. 6) . The Maintaining a minimum T m over a large proportion of the transport path of water may be a result of evolutionary processes that enable trees to transport water into increasingly tall canopies.
Height-related covariation of conduit diameter and T m has been documented for gymnosperms (Domec et al., 2008; Lazzarin et al., 2016) and, for the first time in this study, for a tall angiosperm species. The absolute range of T m measured here encompasses a large part of the variation measured to date in T m for temperate woody species (e.g. Lens et al., 2011; Schenk et al., 2015; Li et al., 2016) . In contrast to Li et al. (2016) , we found only a marginal increase in A m in parallel with T w , T m or D H . At least in E. grandis, A m remains relatively constant throughout the stem axis. This indicates that, with increasing height, the D H :A m ratio will increase, further contributing to the aforementioned anatomical trade-offs that promote apical dominance and increase efficiency of water transport into apical branches.
Moving beyond trade-offs
Although xylem composed of wide vessels (i.e. more efficient) can transport the same volume of water as xylem composed of narrow vessels (i.e. less efficient) using a smaller cross-section of sapwood, plants may not require a vessel network that provides high efficiency or high safety. This was emphasized in a meta-analysis of Gleason et al. (2016) , where Images of wood anatomy, illustrating cross-sections using light microscopy (A-D), vestured intervessel pits using SEM (tangential view; E-H) and intervessel pit membranes using TEM (transverse view; I-L) along a vertical gradient within a single stem of a tall Eucalyptus grandis tree (tree 1). Stem height from which samples originated is shown on right. pc, pit chamber; pm, pit membrane; pw, primary wall; sw, secondary wall; v, vessel; ve, vesture. Scale bars = 200 µm (left column), 1 µm (middle column) and 2 µm (right column).
many species were found to have xylem with low efficiency and low safety. Reasons for this poor efficiency trade-off are plentiful. For example, some improvements in xylem efficiency, such as increasing conduit dimensions, appear to have complex effects on drought-induced collapse of water transport (Hacke et al., 2016) . Similarly, angiosperms from cold climates have reduced efficiency at a given level of safety because selection will limit vessel dimensions due to freeze-thaw-induced embolism (Zanne et al., 2014) . Effective regulation at the stomata level may reduce a need for high safety even in dry habitats . The existence of mechanisms that allow repair of embolized conduits (Brodersen and McElrone, 2013) or rapid production of new conduits (e.g. Pratt et al., 2010) must also be considered in discussions of trade-offs in safety and efficiency. Hence, moving away from the heuristic paradigm that trees must trade hydraulic safety for hydraulic efficiency seems acceptable. If xylem networks can maintain hydraulic integrity while being described as neither efficient nor safe, where is the trade-off? However, it must be acknowledged that vessel networks with both high efficiency and high safety are physically impossible to construct, which indicates that plants cannot entirely elude the safety-efficiency trade-off. Changes in hydraulic efficiency associated with vessel ultrastructure are likely to have a strong influence on xylem safety (Tyree and Zimmermann, 2002; Choat et al., 2008; Lens et al., 2013) . Also, large numbers of vestures we observed in sapwood throughout the entire tree stem serves as additional indicator that E. grandis employed a number of traits to maintain hydraulic integrity. It is believed that vestures restrict deflection of pit membranes that occurs between water-filled and embolized vessels (e.g. Choat et al., 2004) , and hence they support hydraulic plant functioning. In summary, vertical gradients of sap flow and associated changes in sapwood anatomy provide a novel way to investigate coordination and covariation of traits that play a central role in maintaining hydraulic integrity of angiosperm trees. The observed height-related variation in hydraulic traits highlights why such whole-tree studies are key to development of realistic models that simulate hydraulic functioning of trees under environmental conditions of today and the future.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Figure S1 : diel course of volumetric sap flow measured along the stem of three Eucalyptus grandis trees. Figure S2 : distribution of vessel diameters along the stem of three Eucalyptus grandis trees. Figure  S3 : relationship between sapwood:leaf area ratio and theoretical hydraulic conductivity. Table S1 : physical characteristics measured at four heights in three Eucalyptus grandis trees.
